Abstract -This paper investigates the effects of the DC link voltage of a voltage source converter (VSC)on the performance oftwo current control strategies of the VSCsfrom point of views: capability of tracking the references signals with a zero steady-state error and imposing less transients during the step changes in the references signals of the controllers. Two conventional and multivariable proportional-integral (PI) based dqcurrent controllerstrategy has been represented. Then based on the considering the worst step changes in the references signals of the VSC while the DC link voltage (V dc ) is varying, a specified range has been obtained for theV dc .It has been depicted thatthe multivariable control strategy has less transient and more decoupling capability between d and q axis components of the current during the step changes which have been occurred in the various DC link voltage of the VSC. Alsofor tracking the reference signals,V dc of the inverter must be in a particular range.Otherwise tracking the reference signals verifies that the axes are not fully decoupled or in some cases the system would be unstable.
Introduction
Power inverters with regulated input currents are widely utilized in many grid interfaced systems, e.g., photovoltaic power applications [1] , and wind energy [2] , active power filters [3] - [4] , power-factor controllers [5] - [6] , high voltage direction current (HVDC) applications [7] , etc. In most of such systems, a VSC is interfaced to the utility grid through a line reactor filter, and a current regulation strategy is adopted by the VSC to control its output current.On the other hand the DC link voltage has greatly impact on the performance of the tracking the reference signals with a zero steady-state error in VSC controllers.In the literatures, various current regulation approaches for the VSCs have been proposed. e.g. hysteresis, deadbeat, predictive, and proportional-integral (PI) and proportional-resonant (PR)-based control strategies [8] . Two classes of these approaches are: 1) stationary reference frame controller and 2) and rotating reference frame controller. Among the stationary-frame controller (SRF), the simple and linear proportional-integral (PI) controllers are considered as the most conventional approach. However due to nonzero steady-state error, PR controllers [9] - [10] have been proposed. Current regulating in rotating reference frame (RRF) where defined when time varying variables (AC variables) transfer to an orthogonal space like d-q domain which variables appear as time invariant quantities allowing where the designed controller act like a DC/DC converter with zero steady state error by providing an infinite gain at the operating point. In these methods the capability of utilized controllers in decoupling the two distinct d-q axes from each other such that the unwanted disturbances applied to one axes do not generate transients on the other one [11] , [12] and [13] . PI-based current regulation scheme for VSCs, i.e. multivariable PI-based control strategy, provides the d and q axes almost fully decoupled such that the step changes in one axis negligibly affect the other one [14] . The both methods have the following characteristics: 1) fast dynamics and a zero steady-state error, and 2) are structurally simple. Regarding to importance of tracking the references signals in the controllers, investigating the effects of the system parameters on the operation of these controllers is significant. As it is known, because of the extensive utilizing of the inverter based distributed generations (DG) by utilities, VSCs are one of the most important components in the power systems [15] , [16] and [17] . Moreover one of the important parts of the VSCs is the DC link voltagethat can control the output variables of the unit. Therefore it should be controlled more accurately as possible [18] , [19] and [20] .
In this paper the performance of these two control strategies has been evaluated against the change of the DC link voltage. The superiority of the multivariable control strategy than the conventional approach has been proved because of preparing fewer transients in addition to regulating the d-q components of the output line current at the desired level faster than the conventional control strategy and almost with zero steady state error. Therefore during the V dc changing process as an importantparameter of the system, the output current and voltage waveform of the VSC are accompany with lower distortion and much less transient in the multivariable control strategy. Due to consecutive changing of the V dc , a specified range for each of the control strategy has been achieved. However thisrange has obtained for a sample case study with typical parameter values, but the procedure of this method in the various systems could be effective to choosing the type and capacity of the DG unit.
Overviewing of the two current control strategies of VSC
A one-line diagram of the test system is depicted in Figure 1 . The system parameters are given in Table I . The dynamic represent of the VSC output variables respect to the point of common coupling (PCC) can be described in ab0 domain as bellows: [14] , , ,
Separating the real and imaginary terms, the dynamics of the d and q axes are deduced , , , ,
, , , ,
According to (2) and (3), the structural diagram of Figure 2 , in the rotating reference frame is obtained, which contains the typical coupling terms. 
in which u cd and u cq represent the control signals.
Finally, the transfer function of the decoupled system is derived as follows, in which the time constant T s is equal to L/R, and K s = 1/R [14] :
The transfer function G R (s) of the conventional PI controller defined to be as bellows:
where T i the integration is time constant and is determined by considered phase margin for system transfer function G o (s).According to (4) and (5), the structural diagram of the current regulator based on PI controllers is shown in Figure 3 in which the voltage feedforward and the coupling terms are shown.
Adopting the feedforward signals theoretically results in a fully decoupled system. This perfect decoupling can be achieved only if the feedforward signals can precisely cancel the effect of the coupling terms, i.e., ωL t i d and ωL t i q . 
B. Multivariable-PI dq Current Controller
To designing the multivariable PI current controller first the dynamic representation of the converter output respect to the PCC bus in Laplace domain is written as Eq. (10) and the plant inversion technique has been utilized as follows.
If the PCC bus voltage assumed to be almost fixed by the VSC, VPCC could be subtracted from both side of the Eq. (10) to canceling its effect. Therefore according to Eq. (10) the transfer function of the system which its model has been obtained in Figure 2 could be represented as bellows:
The term jωTs represent the coupling between two d and q axes component of the output current. The open loop transfer function of the system could be multiplying of the controller and system transfer function and a transfer function that represent the behavior of the pulse width modulation moreover the sampling and measurements time delay [21] . Therefore to eliminating the coupling between two axes a zero-pole cancelation to removing the terms contain jω in (11) is performed thus the open loop transfer function can be deduced as follows:
Decomposing the real and imaginary parts of the transfer function (12) to obtain the control signals in the d and q direct axis, results the following expressions:
It can be inferred where the integrators which have been applied on the coupling terms in the control signals can significantly reduce the effect of each axis on another one. Therefore according to Eq. (13) and (14) 
DC link voltage effects on the performance of the two current control strategies of VSCs in tracking the reference signals
The voltage source converter in a power system can be considered as a fast controllable machine whose fundamental frequency output voltage is given by:
where m a is modulation index, ω is the fundamental frequency and φ is the phase shift of the output voltage, V t .In the previous literatures the performance of the DC link voltage has been investigated without considering the VSC control strategies and also a minimum and maximum value has been obtained [22] . But it is necessary to considering the effect of the controllers and the feedbacks which has been utilized in the different parts of the system. According to the Eq. (15), the VSC output voltage has an intensive dependency to them a .Since the m a is affected by the voltage control signals of the VSC switches, and moreover these control signals are obtain by the v d and v q components of the output voltage. Therefore these control feedbacks have a significant impact on the study. Because of the control system is multi input, multi output (MIMO), the theoretical analysis for such systems appears difficult. However due to the structure of the multivariable control strategy, where it has been added an integrator in the decoupling blocks, it is expected that against the various DC link voltage, the controller has better and smoother performance. The effect of the DC link voltage for each type of the conventional and multivariable control strategy has been investigated and compared to each other. And for the typical case study, the range of the V dc for the best operation of the VSC has been achieved.
The purpose of this section is to review DC link voltage effects on the performance of the two current control strategies of VSCs in tracking the reference signals with a zero steady-state error, and finally present an optimal value for V dc based on stimulation results. Simulation results show that both controller strategiesin different standard ranges of V dc have the following characteristics: 1) are capable of tracking the reference signals with a zero steady-state error;2) have fast dynamics; 3) provide practically decoupled d and q current axes.
To survey theDC link voltage effects on the performance of the two current controllers, two sets of tests are conducted for each control strategy: 1) step-down and step-up in the d-axis reference value while that of the q-axis is kept constant and 2) step-down and step-up in the qaxis reference value while that of the d-axis is kept constant.
Simulation Results
To investigating theDC link voltage effects on the performance of the outlined current control schemes, a simulation study is conducted in MATLAB/Simulink software environment. The test system of Figure 1 is utilized, and its parameters are set based on Table 1 .
A. First Test: Reference-Tracking Test in d-Axis
In this section, the performance of both current regulation schemes is evaluated subsequent to two step changes in the reference value of the d-axis during different value of DC link voltage. It is shown that, for each special value of V dc in both control strategies, subsequent to the step changes in the d-axis, a different transient is experienced in the q one, which verifies that DC link voltage effects on the performance of both strategies and limited range of V dc imposes much less transients on the q-axis.
A.1 Conventional Controller
The VSC in Figure 5 shows at V dc =400v upon each step change, the line currents and their corresponding d-component change to track the reference value changes with a zero steadystate error, as shown in Figure5(a) and (b) . Although the reference value of the q-axis is constant, however, subsequent to each change in the d-axis, the q-axis also experiences transients, which are almost negligible, as shown in Figure 5 (c).The latter transients verify that the conventional current control strategy at V dc =400v doesn't suffer from coupled axes. Figure 6 showswhere at V dc =200v upon each step change, the line currents and their corresponding d-component change to track the reference value changes with a zero steadystate error, as shown in Figure 6 (a) and (b). Although the reference value of the q-axis is constant, however, subsequent to each change in the d-axis, the q-axis also experiences transients, which are negligible, as shown in Figure 6 (c). The latter transients verify that the conventional current control strategy at V dc =200v imposes much less transients on the q-axis and selecting this value for V dc is suitable for this strategy.
For V dc =100, a test similar to what is conducted in previous Sections is carried out. That simulation results are shown in Figure 7 .It shows subsequent to each change in the d-axis, the reference value of the q-axis isn't constant. The transients verify that this strategy at V dc =100v suffer from coupled axes.
A.2 Multivariable-PI Controller
The test system of Figure1 initially injects 0. Figure  8 depicts at V dc =700v upon to each change in the d-axis reference value, the controller regulates the currents at the desired level, as shown in Figure 8 (a) and Figure 8 (b) depicts that, subsequent to each step change in the d-axis, the d-component of the currents is regulated at the desired level with a zero steady state error. However both of them experience unsuitable transients. Subsequent to each change in the d-axis, the q-axis also experiences transients, which are not negligible as shown in Figure 8(c) . The latter transients verify that selecting this value for V dc is not suitable for the multivariable-PI current control strategy.
And Figure 9 depicts at V dc =200v upon each step change in the d-axis, the d-component of the currents is regulated at the desired level with a zero steady-state error, as shown in Figure  9 (a) and (b). Subsequent to each change in the d-axis, the q-axis also experiences transients, which are negligible, as shown in Figure 9 (c). The latter transients verify that the multivariable-PI current control strategy at V dc =200v imposes much less transients on the qaxis. For V dc =100, a test similar to what is conducted in previous Sections is carried out. That simulation results are shown in Figure 10 . It shows this value for V dc is not suitable for this strategy because subsequent to each change in the d-axis, the reference value of the q-axis isn't constant. 
B. Second Test: Reference-Tracking Test in q-Axis
In this section, similar to the previous test to reviews DC link voltage effects on the performance of the outlined current control strategies it is shown that, subsequent to the step changes in the q-axis, a transient is experienced in the d one, which verifies that the axes are not fully decoupled. While, this transient is affected by V dc , and special range of V dc imposes much less transients on the d-axis.
B.1 Conventional Controller
The VSC in Figure1 initially injects-0.5 p.u. of the d-component and −0.2 p.u. of the dcomponent of the currents. At the time instant of 0.3 s, the q-component steps up to −0.9 p.u., Moreover, at t = 0.35 s, the q-axis reference value is set back to −0.2 p.u. while the reference value for the d-component is kept constant during the whole process. Figure 11 shows at V dc =400v upon each step change, the line currents and their corresponding q-component change to track the reference value changes with a zero steadystate error, however both of them experience unsuitable transients, as shown in Figure10(a) and (b). Although the reference value of the d-axis isn't constant, as shown in Figure 11 (c), this failure to track the reference value verifies that this value for V dc is not suitable for this controller. Figure 12 shows at V dc =200v upon each step change, the line currents and their corresponding q-component change to track the reference value changes with a zero steadystate error, as shown in Figure 12(a) and (b) . Although the reference value of the d-axis is constant, however, subsequent to each change in the q-axis, the d-axis also experiences transients, which are negligible, as shown in Figure 12 (c). The latter transients verify that the conventional current control strategy at V dc =200v imposes much less transients on the d-axis, and selecting this value for V dc is suitable for Conventional Controller. Figure 14 shows at V dc =700v upon each step change, the line currents and their corresponding q-component change to track the reference value changes with a zero steady-state error, as shown in Figure14(a) and (b). However, both of them experience unsuitable transients. Subsequent to each change in theq-axis, the d-axis also experiences transients, which are not negligible as shown in Figure 14 (c). The latter transients verify that selecting this value for V dc is not suitable for the multivariable-PI strategy.
Figure15 depicts at V dc =200v, upon to each change in the q-axis reference value, the controller regulates the currents at the desired level, as shown in Figure 15 (a) and Figure 8 (b) depicts that, subsequent to each step change in the q-axis, the q-component of the currents is regulated at the desired level with a zero steady state error. Subsequent to each change in the qaxis, the d-axis also experiences transients, which are negligible, as shown in Figure 15( Note that what was discussed in the previous sections were a series of specific step changes in the reference value that performance of two discussed controllers compared and reviewed based on them and finally a suitable value for V dc is presented. But generally, according to the worst step changes in reference value in which reference signals tracking may be not occurred, it is possible to present an acceptable range for V dc .
(a) It could be inferred from simulation results where the multivariable PI controller imposed less transient and more decoupling capability between d and q axis components of the current during the changing process of the V dc . For example when the q component reference value has been changed, the i q is regulated at the desired value faster than the conventional control strategy and the i d experienced much less transient too. In fact as it was expected, the multivariable control strategy has withstand more, respect to the changing the DC link voltage because of the integrator terms which have been used in the decoupling blocks and also eliminating the feed forward signals. According to the boundary quantities which has been considered for the current references signals (i d and i q ), for both control strategies, an standard range for DC link voltage has been resulted by changing consequently the V dc .
Due to the simulation results and the values of Table I , for the two aforementioned controllers the range follows as:
1. Conventional controller: 150V<V dc < 200V 2. Multivariable-PI controller: 200V<V dc < 300V These values are obtained within the worst step changes in reference signals and for special parameters.
Conclusion
In this paper the structure of the two conventional and multivariable control strategy has been represented. Due to the importance of the tracking the references signals which have been specified for the controller, the effect of the DC link voltage as one of the most important parameters of the system has been investigated. It has been demonstrated where the multivariable control strategy has less transient and more decoupling capability between d and q axis components of the current during the step changes which have been occurred in the various DC link voltage of the VSC. Finally, based on the considering the worst step changes in the references signals and trying a wide range of the DC link voltage, a particular range has been resulted for it. It has been depicted where if the V dc is out of this specific range, it will either have negative effects on the controller's performance or causes signal tracking not occur at all which means system is unstable.
